Abstract: Herein, we have developed the solvent extraction method for the selective separation of precious rhodium(III). Various physicochemical parameters like pH, malonate concentration, n-octylaniline concentration, equilibrium time, aq: org phase ratio, and loading capacity of n-octylaniline are optimized for the quantitative recovery of the rhodium(III). The composition of the extracted species was determined by plotting the log-log graph of Log D [Rh(III)] vs. Log C [n-octylaniline] and Log D [Rh(III)] vs. Log C [malonate] ; the stoichiometry was found to be (metal: acid: extractant) 1:2:1. The proposed method was successfully applied for the separation of rhodium(III) from various binary and ternary mixtures of associated metal ions. The separation of the rhodium(III) from real samples was also carried out with the proposed method. The proposed method was applied for analysis of synthetic mixture corresponding to alloys such as pseudo-palladium, iron-rhodium alloy, platinum-rhodium alloy, and rhodium-platinum catalyst.
Introduction
At present, there is a growing demand for platinum group metals; the name platinum group metals (PGMs) includes six elements: ruthenium, rhodium, platinum, palladium, osmium, and iridium. In the past few decades, these metals have found new applications in the jewellery and decorative
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industries due to their excellent physical and chemical properties and are used extensively in electronic devices, catalysis in the chemical and petroleum refining industries, glass industries, pharmaceutical industries, etc. Rhodium is one of the most expensive PGMs and is indispensable to automotive catalytic converters. The high cost of recovery and limited resources of these metals made it necessary to recover the metals from industry waste. Considering the techniques related to the separation and purification of PGMs, it is important to find an effective separation process to recover these metals with high purity (1) . The highly charged octahedral complexes are difficult to extract owing to steric effects (2).
The extent to which a metal ion is extracted from an aqueous into an organic phase is the result of many factors. One of these factors is the amount of water which accompanies the metal complex. This water favors the solubility of the metal complex about the aqueous phase and disfavors its solubility in the organic phase. In the case where the metal ion is fully coordinated, i.e. all its coordination sites are occupied by ligand donor atoms, the water will form the outer sphere of the complex by means of solvation (hydration). Though several sophisticated techniques are in use for the determination of trace and ultra trace quantities of rhodium, spectrometric technique still has the advantage in respect to simplicity and low operating costs but suffers due to matrix effects. Hence, separation and preconcentration of trace-level quantities of rhodium are necessary prior to actual quantitative analysis. Several extraction procedures are available for this purpose; however, most of these are time-consuming and costly; however, liquid-liquid extraction technique is one of the most suitable, selective, efficient, and powerful techniques for the separation and purification of platinum group metals (3).
A variety of high molecular weight amines (HMWA) had been explained for an extractant for rhodium(III) like alamine 336 (A336) (4-7). In order to find an optimum condition to separate rhodium and iridium, solvent extraction experiments were performed from chloride solution using alamine 336 and tri-n-butyl phosphate (TBP) as an extractant. The extraction was dependent on the concentration of hydrochloric acid (7). Tri-octylamine (8-11), tri-iso-octyamine (alamine 308) (12) , aliquat 336 (13, 14) , N-n-octylaniline (15), and 2-ethylhexyl amino methyl pyridine (16) have been tested for liquid-liquid extraction of rhodium(III). Phosphorous-containing extractant such as TBP (17) has been used for the quantitative extraction and separation of trace amounts of rhodium from nitric acid and sodium trichloroacetate media has been established based on the formation of an ion-association complex of hexahydrated rhodium cation Rh(H 2 O) 3+ 6 and the trichloroacetate (TCA) anion in TBP. A systematic study on the solvent extraction of rhodium with TBP in hydrochloric acid in presence of stannous chloride (18, 19) is warranted. Liquid-liquid extraction of rhodium(III) with caynex 921 from aqueous hydrochloric acid media (20) , hydrobromic acid (21) , and chloride media (22) has been examined in the presence and absence of stannous chloride. The extraction of rhodium(III) from bromide media (23) with cyanex 923 and cyanex 471-X in toluene was studied. The extraction of rhodium(III) from its chloride solution was carried out using cyanex 923, cyanex 271, and cyanex 272 (22, 24, 25) distribution ratios for the metals were determined under the different concentrations of H + Cl − ions in the aqueous phase.
Previously, we have reported various methods for the extraction of PGMs with the help of number of HMWA (26) (27) (28) (29) (30) (31) (32) (33) . Here, we have developed a new extraction system for rhodium(III), especially in weak organic acid. n-octylaniline with an exploring extracting capacity for malonate media belongs to a kind of high molecular weight amine. Its potential advantages are low cost, good physicochemical properties, completely miscible with all common hydrocarbon diluents, low aqueous solubility, good resistance to hydrolysis, and high purity. The present study represents experimental data on extraction of rhodium(III) from malonate solutions and accesses n-octylaniline as an extractant. The mechanism of extraction and nature of extracted complex were sought. The key observation is that it is possible to separate rhodium(III) directly from other associated rare earth and transition elements. The comparison of liquid-liquid extraction separation method of rhodium(III) is given in Table 1 .
Experimental

Instruments
The digital UV-Visible spectrophotometer model Optizen-α (Mecasys Co., Ltd Korea) with 10 mm quartz cell was used for the absorbance measurement and pH measurements were carried out using an Elico digital pH-meter model Li-127. All weighing operations were carried out using Tapson's analytical single pan balance model 200T having 0.0001 g accuracy.
Chemicals and solutions
Standard rhodium(III) solution
A stock solution of rhodium(III) was prepared by dissolving 1 g of rhodium trichoride hydrate (Johnson Matthey, UK) in dilute analar hydrochloric acid (1 M) and diluting to 25 mL with water and standardized gravimetrically (34). A working solution of 100 μg/mL was made from it by diluting the stock solution with water.
n-Octylaniline
The extractant n-octylaniline was prepared by the method of Pohlandt's (35) and its 0.1 M solution was prepared in xylene. All other solutions were prepared from A. R. grade reagents and aqueous solutions were prepared using water. Double distilled water was used throughout the experimental study.
General extraction and determination procedure for rhodium(III)
An aliquot of 200 μg rhodium(III) solution was mixed with a sufficient quantity of sodium malonate to make its concentration 0.03 M in a total volume of 25 mL of the solution. The pH of the aqueous solution was adjusted to 9.0 by dilute sodium hydroxide and hydrochloric acid solution. The solution was then transferred to a 125-mL separating funnel and shaken with 10 mL of 0.1 M n-octylaniline in xylene for 3 min. After separating the two phases, the aqueous phase was discarded and the organic phase was stripped with two 10 mL portions of 1 M hydrochloric acid solution. The stripped aqueous phase was evaporated to moist dryness and extracted into water. The residue was dissolved in minimum amount of 1 M hydrochloric acid and transferred into 50-mL volumetric flask, 10 mL of 20% potassium iodide was added, the solution was mixed well, and heated for 15 min in a boiling water bath. To the cooled solution, 10 mL of 10% stannous chloride solution was added and diluted the solution up to the mark with water containing 1 M hydrochloric acid in final concentration. The unstoppered flask was kept in the boiling water bath for development of reddish brown solution which was measured at 445 nm against a reagent blank. The concentration of rhodium(III) was computed from the calibration curve in a similar manner (36).
Results and discussion
Extraction as a function of pH
The extraction studies of rhodium(III) were performed at a fixed concentration of 0.03 M sodium malonate and between pH 1-10 with a 0.01 M solution of n-octylaniline in xylene. The pH range observed for the quantitative extraction was 7.5-9.5 with n-octylaniline. Hence, to ensure the complete extraction of rhodium(III), pH 9.0 was adopted for all extraction experiments (Figure 1(A) ).
Effect of n-octylaniline concentration
Extraction of rhodium(III) was carried out with various concentrations of n-octylaniline in xylene. To optimize the extraction condition, other parameters like pH, period of equilibration, and diluent were kept constant. The extraction was found to be increased with increasing reagent concentration. The extraction of rhodium(III) was quantitative in the range 0.07 M-0.15 M of n-octylaniline in xylene. However, 10 mL of 0.1 M n-octylaniline in xylene was recommended for further extraction studies (Figure 1(B) ).
Effect of weak organic acid concentration
The extraction of rhodium(III) was studied at pH 9.0 with 0.1 M n-octylaniline in xylene in the presence of varying concentrations from 0.001 to 0.1 M of various weak organic acids. The extraction of ion-pair complex of rhodium(III) was found to be quantitative in the range of 0.025-0.035 M sodium malonate. Hence, 0.03 M concentration of sodium malonate was used for further studies while there was incomplete extraction of rhodium(III) in sodium salicylate and sodium succinate (Figure 1(C) ).
Effect of diluents
The studies were then performed to find out the most suitable solvent for the extraction of the ionpair complex of rhodium(III). It was found that a 0.1 M solution of n-octylaniline in benzene, toluene, and xylene provides quantitative extraction of rhodium(III). The extraction of rhodium(III) was incomplete if n-octylaniline is dissolved in chloroform (41.1%) and methyl isobutyl ketone (42.7%), while no extraction in amyl alcohol, 1,2-dichloroethane, n-butyl alcohol, and amyl acetate ( Table 2) . On the safety ground, xylene was preferred to other solvents.
Effect of equilibration time
The extraction of rhodium(III) was studied for various time intervals in the range of 10 s-30 min with 0.1 M n-octylaniline (Table 3 ). It was observed that under the optimized experimental conditions, a 
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Effect of stripping agent
Rhodium(III) from organic phase was stripped with the two 10-mL portions of various stripping agents at different concentrations of mineral acids, buffer solutions, and some bases. Rhodium(III) was quantitatively stripped with hydrochloric acid (1.0 to 3.0 M), nitric acid (1.0 to 3.0 M), sulfuric acid (1.0 to 3.0 M), and hydrobromic acid (1.0 to 3.0 M) from the organic phase (Table 4) . However, percentage recovery of rhodium(III) from organic phase was found to be incomplete with strippant water and no extraction in ammonia buffer (pH 10), ammonia, and/or sodium chloride. In the recommended procedure, two 10-mL portions of 1.0 M hydrochloric acid were used for the complete stripping of rhodium(III) from loaded organic phase.
Effect of aqueous to organic volume ratio
The extraction of rhodium(III) was carried out in different aqueous volumes in the range 150-10 mL from 0.03 M sodium malonate medium with 10 mL 0.1 M n-octylaniline in xylene. There was quantitative extraction of rhodium(III) when aq: org phase ratio varied from 10:10 to 50:10. Therefore, in the recommended procedure, the phase ratio 2.5:1 was maintained through the all experimental study.
Metal loading capacity of n-octylaniline
The influence of the initial rhodium(III) concentration 50-2,500 μg on the extraction by 0.1 M n-octylaniline in xylene was studied. It was observed that varying the initial rhodium(III) concentration in the range of 50-1,500 μg has no significant influence on rhodium(III) extraction with the 10 mL of 0.1 M extractant. The maximum loading capacity of 10 mL 0.1 M solution of n-octylaniline in xylene was found to be 1,500 μg rhodium(III).
Nature of extracted species
Attempts were made to ascertain the nature of extracted species of rhodium(III) with the extractant using the conventional slope analysis method. The distribution ratio of rhodium(III) was evaluated at different concentrations in molar of sodium malonate at fixed n-octylaniline concentration at pH 6.0 and pH 7. (Figure 2(B) ). This indicates a mole ratio of rhodium(III) to malonate acid as 1:2 and that of n-octyaniline as 1:1. Thus, the extracted species were calculated to be an ion association complex with the probable composition of (metal: acid: extractant) 1:2:1. The probable mechanism of extracted species is as follows:
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Effect of diverse ions
The effect of various cations and anions on recovery of rhodium(III) was investigated by applying the proposed method. The tolerance limit was set as the amount of foreign ion causing a change ± 2% error in the recovery of rhodium(III). It was observed that the method is free from interference from a large number of cations and anions. Initially, the foreign ion was added to the rhodium(III) solution in large excess: say 100 mg for anions and 25 mg for cations and extraction of rhodium(III) was carried out. When interference was found to be intensive, the extraction of rhodium(III) was repeated with successively smaller amounts of foreign ion. The amount of foreign ions decreased till the quantitative extraction of rhodium(III) was observed. The only species showing interference of Ir(III) was eliminated by masking with oxalate. The anionic species showing interference in the procedure were ethylenediaminetetra acetic acid (EDTA), succinate, thiocyanate, acetate, tartrate, and bromide due to the formation of strong metal complexes (Table 5) .
(1) 
Separation and determination of rhodium(III) from binary mixture
The separation of rhodium(III) from some commonly associated metal ions like Pt(IV), Pd(II), Ru(III), Au(III), Os(VIII), Se(IV), Te(IV), Fe(III), Co(II), Ni(II), and Cu(II) using n-octylaniline can be achieved by taking advantage of the difference in the extraction conditions of metal such as the pH of the aqueous phase, reagent concentration, and use of masking agent (Table 6 ). Rhodium(III) was separated from these associated metal ions, under the optimized extraction condition of rhodium(III) where all the added metal ions remained quantitatively in aqueous phase from which they are determined spectrophotometrically by standard methods (36) (37) (38) (39) (40) (41) . Rhodium(III) from organic phase was stripped and estimated spectrophotometrically by KI + SnCl 2 method.
The proposed method was also extended for separation of rhodium(III) from Ir(III) by masking with 25 mg of oxalate. The masked Ir(III) remained in the aqueous phase quantitatively under the optimum extraction conditions of rhodium(III). After demasking Ir(III) with 5-mL concentrated hydrochloric acid with a little boiling solution, it was estimated spectrophotometrically with stannous chloride-hydrobromic acid method. Rhodium(III) was stripped with 1 M hydrochloric acid and determined as described above. 
Separation of rhodium(III) from ternary mixtures
The method was extended for the determination of rhodium(III) in some synthetic ternary mixtures of associated metal ions. The mixture of metal ions was subjected to an extraction condition and separation was carried out. Rhodium(III) was selectively separated from the mixture using the proposed method and the results are presented in Table 7 .
Separation of rhodium(III) from synthetic mixtures
A solution of 200 μg of rhodium(III) was taken and known amount of other commonly associated metals was added and extraction of rhodium(III) was carried out using the developed method. The extraction results obtained were in good agreement with the amounts added (Table 8) . 
Analysis of rhodium(III) in synthetic mixtures corresponding to alloys
The proposed method was applied for the analysis of synthetic mixture corresponding to alloys such as pseudo-palladium [equal amount of Rh(III) and Ag(I)] iron-rhodium alloy, platinum-rhodium alloy, and rhodium-platinum catalyst. The real samples of these alloys were not available at the work place, which forced us to use a synthetic mixture with the corresponding composition of alloys; rhodium(III) was extracted under its optimum extraction conditions and determined spectrophotometrically; the results of the analysis are reported in Table 9 .
Conclusion
(1) Quantitative extraction of rhodium(III) was achieved in 3 min with 0.1 M n-octyaniline in xylene at pH 9.0 (2) Trace level of rhodium(III) was extracted using low concentration of n-octylaniline.
(3) Extraction reaction occurred through anion exchange mechanism.
(4) The developed method is efficient for quantitative separation of rhodium(III) in the presence of various interfering cations and anions.
(5) The proposed extractive separation method is simple, rapid, selective, reproducible, and suitable for separation and determination of rhodium(III) from associated metal ions and synthetic mixtures. 
